Abstract: This study investigates geochemistry and ecological risk of artisanal gold mining-derived potentially harmful elements in semi-arid soils in Burkina Faso. R-mode factor analysis, which reduces the variables (elements) to few factors, was applied to explain the dominant variance in the data. Three factors, which account 80% of the total variance, described differences in soil geochemistry resulting from anthropogenic and geogenic sources. High loadings of factor 1 on As, Au, Bi, Cd, Hg, Mo, Pb, Sb, Te, W and Zn suggest that the artisanal gold mining was the most important factor controlling the soil geochemistry. Factor 2 had high loadings on Al, Fe, Mn, Ti, Co, Cr, Cu, Ni, Sc, Sr, Tl and V, representing their geogenic origin. With high loadings on Ca, Mg, S and La, factor 3 describes contribution of biogeochemical cycling to the elements' abundance in the soils. Lead isotope compositions identified atmospheric deposition as the main source of Pb in farmland soils, whereas topsoil and soil profiles were primarily influenced by the mining activities. Mercury, As and, to a lesser degree, Cd posed the most serious ecological threat to the soils collected around the mining site relative to those of the farmland. Based on the findings of this study, a best pollution control plan of potentially harmful element loadings into soils is urgently required around artisanal gold mining sites across the country.
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PUBLIC INTEREST STATEMENT
The study describes the anthropogenic and geogenic sources of artisanal gold mining-derived potentially toxic heavy metals/metalloids and their ecological impacts on semi-arid soils in southwestern Burkina Faso. Even though artisanal gold mining contributes to poverty alleviation in rural communities, it causes several environmental problems such deforestation, soil degradation and water and air pollution. The release and accumulation of large quantities of potentially harmful elements in the surrounding soils can pose serious threat to human health and also to ecosystems. The presence of hundreds of uncontrolled artisanal gold mining sites around rural dwellings and farmlands across the country makes environmental geochemistry and ecological risk assessment of potentially harmful elements in soils highly important.
Introduction
The Birimian greenstone belts that cross Burkina Faso are endowed with polymetallic deposits of gold (Au), zinc (Zn), manganese (Mn), copper (Cu) and molybdenum (Mo) (Huot, Sattran, & Zida, 1987 ). Yet, mining in Burkina Faso has been primarily based on Au (Kiethega, 1983) . This is mainly due to the severe drought in late 1980s and the boom in world gold price in mid-2000s that made Au extraction attractive for both industrial investors and artisanal miners (Luning, 2008; Mégret, 2011; Werthmann, 2000) . Currently, 10 industrial gold mines and about 800 artisanal gold mining (AGM) sites are active across the country. With about 36.1 tons of Au produced in 2014, gold overtook cotton as Burkina Faso's first export commodity, and the country became the fourth biggest Au producer in Africa after South Africa, Ghana and Mali (Andersson, Ola, & Niklas, 2015; Zabsonre, Agbo, Some, & Haffin, 2016) . While the industrial gold mines are solely owned and operated by foreign companies, AGM activities are carried out by about 700,000 unskilled subsistence farmers (Fofana, Ouédraogo, & Zombré, 2009; Jaques, Zida, Billa, Greffié, & Thomassin, 2006; Mégret, 2011) .
Although some AGM sites remain active throughout the year, this low-tech enterprise that uses rudimentary tools to extract gold from rich and near-surface deposits is largely seasonal and usually begins at the end of crop harvest (Gueye, 2001; Jaques et al., 2006) . Because of low levels of agricultural mechanization, farming in Burkina Faso requires too much work for far little yields (Zhou, 2016) . In order to compensate their inability to ensure self-sufficiency in food production, farmers combine both AGM and farming (Hilson, 2016) . Hence, the AGM contributes to poverty alleviation and livelihood diversification of rural communities (Andersson et al., 2014) . However, the unregulated AGM activities with inadequate or inexistent pollution control measures raise many environmental and human health concerns (Amegbey, Dankwa, & Al-Hasson, 1997; Davidson, 1993; Donkor, Bonzongo, Nartey, & Adotey, 2005) .
The Bagassi South gold deposits are hosted in a metallogenic assemblage of quartz and sulfide minerals (Hein, 2015) . These minerals are generally associated with potentially harmful elements (PHE; Plant et al., 1997; Salvarredy-Aranguren, Probst, Roulet, & Isaure, 2008) , such as silver (Ag), arsenic (As), copper (Cu), lead (Pb), nickel (Ni), antimony (Sb) and zinc (Zn) that may, through mechanical removal and leaching, contaminate the surrounding soils (Cai et al., 2012) . Artisanal miners also use metallic mercury (Hg°) to extract gold from crude ores that could contribute to mercury (Hg) emission into the atmosphere, as well as its direct release to soils (Bose-O'Reilly et al., 2010; Donkor et al., 2005; Paruchuri et al., 2010) . The interest in the PHE abundance in soils stems from the fact that many PHE have no known biological importance and can have adverse human health effects even at trace concentrations (Drasch, Böse-O'Reilly, Beinhoff, Roider, & Maydl, 2001; Duruibe, Ogwuegbu, & Egwurugwu, 2007; Weeks, 2000) . Furthermore, the soil-accumulated PHE can pose long-term hazards to plants, as well as to humans that consume these plants (Agbozu, Ekweozor, & Opuene, 2007; Nagajyoti, Lee, & Sreekanth, 2010; Qian, Wang, & Tu, 1996) . Pollution caused by PHE may also induce changes in size, composition and activity of soil microbial communities, and thereby affecting organic matter decomposition rates and soil structure (Giller, Witter, & McGrath, 1998; McBride, Sauvé, & Hendershot, 1997; Merrington, Rogers, & Van, 2002) .
The behavior of PHE in the soil solution and its downward movement within the profile are a function of a given element's concentration and the physico-chemical properties of the soil, such as pH, grain sizes, total organic carbon content and cation exchange capacity (CEC) (Nyamangara & Mzezewa, 1999; Sposito, 1989) . For example, under high pH and oxygenated conditions, PHE may be adsorbed onto the surfaces of clay particles, precipitated as sulfides, carbonate oxides or iron-and manganese-oxyhydroxides (Moral, Gilkes, & Jordan, 2005) . In contrast, under low pH and reduced conditions, previously adsorbed PHE may be released into the soil solution, and thus the soil behaves as both sink and source for PHE (McBride, 1989; McBride et al., 1997; Sauvé, Hendershot, & Allen, 2000) .
Several geochemical indices, such as enrichment factor (Covelli & Fantolan, 1997) , geoaccumulation index (Müller, 1981) and pollution index (Tomlinson, Wilson, Harris, & Jeffrey, 1980) have been used to differentiate between geogenic and anthropogenic sources of PHE contamination of soils. These indices are based on total concentrations of the elements in the samples, which may be affected by pedogeochemical processes (i.e., weathering and soil formation mechanisms) and regional variations. Knowing the total concentrations of PHE alone is not sufficient for a precise identification of contamination sources and the effects of PHE on the ecosystem. Cicchella et al., 2014; Hernandez, Probst, Probst, & Ulrich, 2003; Soderberg & Compton, 2007; Steinmann & Stille, 1997) . Therefore, a combination of elemental and isotopic geochemistry of a soil can be a good indicator of AGM-derived PHE contamination of the surrounding environment. Furthermore, in the absence of toxicological study data, the adverse effects of PHE on the ecosystem can be assessed through potential ecological risk index (RI), which includes both total concentrations and toxicological-response factors of individual PHE (Håkanson, 1980) .
Although some environmental investigations of soil geochemistry have been carried out on AGM sites across Sub-Saharan Africa (e.g., Ako et al., 2014; Ekengele, Danala, Zo'o, & Myung, 2016; Foli, Nude, & Apea, 2012; Manga, Neba, & Suh, 2017; Mensah et al., 2015; Rajaee et al., 2015; van Straaten, 2000; Waziri, 2014) , virtually, no data are available on soils affected by AGM activities in Burkina Faso. In the present study, (1) we report elemental and isotopic geochemistry of tropical semi-arid soils, (2) discuss the factors that control dispersion of PHE around an AGM site and (3) argue that the AGM activities pose serious ecological threat to the adjacent soils.
Materials and methods

Environmental and geological setting
The Bagassi south AGM site was set up in 2000 following the arrival of the first wave of artisanal miners from the central plateau region of the country. This unauthorized site, located in the village of Bagassi in southwestern Burkina Faso, is part of the Bagassi exploration permits owned by Roxgold Inc. (Figure 1 ). The average annual rainfall of this Sudano-sahelian climatic zone is about 800 mm (Roxgold, 2017) . Vegetation cover in uncultivated areas comprises savannah woodlands with dense shrubs. The landscape is characterized by a system of plains interrupted by chains of ferruginous lateritic hills (450 m above mean sea level).
The soils of the study area are made of shallow (up to 48 cm deep) and weakly developed regosolic soils, encountered on eroded valley slopes and peripheral depression (CPCS, 1967) . The topsoil (0-14 cm) is dark brown (7.5YR4/4) and becomes yellowish red (5YR4/6) between 14 and 48 cm. From 48 to 110 cm, the soils are composed of unconsolidated weathered schist. Therefore, the gravelly load of the soils consists of 60-90% quartzite and schist debris. The soils contain low weatherable minerals and low silt to clay ratios. Because of their high porosity, these soils are characterized by a well-developed biological activity and high organic matter content (Roxgold, 2017) . Due to the limited availability of arable land, the soils are increasing being exploited for subsistence (e.g., maize and millet) and cash crops (mainly cotton and groundnut) agriculture (Roxgold, 2017) . As a result, deforestation and soil nutrient depletion are widespread in the area. In recent years, direct and indirect impacts of the AGM activities have also exacerbated the soil degradation (Roxgold, 2017) .
The Bagassi gold deposits are situated within the eastern edge of the Palaeoproterozoic Birimian Houndé greenstone belt (Lüdtke et al., 1998; Béziat et al., 2000 ; Figure 1 ). The main areas of gold mineralization are the 55 Zone and Bagassi South (Figure 1 ), both of which are hosted in the Bagassi tonalite-granidiorite at the margin of a metamorphosed basalt sequence composed of plagioclase, K-feldspar and quartz, with rare magmatic biotite, overprinted by chlorite, rutile, calcite, pyrite and rare pyrrhotite (Baratoux et al., 2011) . These formations that occur along dextral shear zone are made up of quartz-gold ± pyrite ± pyrrholite ± chalcopyrite assemblage (Sibthorpe, 2012) . The granitoid rocks are silicified, kaolinised and carbonate altered, whereas the meta-basalt units are massive and intercalated with hyaloclastite and rare pillowed basalt and sedimentary units (Hein, 2015) . Both the metabasaltic rocks and the Bagassi granitoid are crosscut by a northeast trending dolerite dyke (Hein, 2015) .
Sampling and analysis
A total of 11 topsoils (S1-S11) were sampled randomly around the Bagassi south AGM site on 21 May 2017 to assess lateral dispersion of the mine waste (Figure 2 ). Two profiles were also sampled, according to the limits of the morphological horizons, at sites S1 and S9 (0-45 cm), to investigate a possible translocation of PHE within the soil profiles. Composites of two subsamples of waste rock (WR) and tailings (TL) were also collected from the ore processing area. A representative of the host rock of the Bagassi ore (BO) was also sampled. Three topsoils (FL1-FL3) were sampled from an adjacent cotton farm and used as control samples. All samples were sealed in clean plastic bags. Back in the laboratory, the samples were air-dried at room temperature, protected from external contamination and subsequently sieved through a stainless steel sieve in order to isolate less than the 2-mm fraction. Electrical conductivity (EC) and pH were measured in a soil to deionized water ratio of 1:2.5 mg l −1
. Grain size distribution (sand, silt and clay fractions) was determined using the hydrometer sedimentation method also known as the Robinson Pipette method (Rouiller et al., 1994) . The carbonate content (CaCO 3 ) was estimated after loss on ignition (LOI) by combustion at 1,000°C for two hours (1974; Bengtsson & Enell, 1986 ).
The Ag-Thiourea (AgTu) method was used to extract basic cations (Pleysier & Juo, 1980 ) and exchangeable silver ion (Ag + ) concentrations were measured by a Flame Atomic Absorption Spectrophotometer (Perkin Elmer AA100). The unbuffered CEC was assumed to be the total reactive site concentrations of the solids.
A subset of finely powdered samples was analyzed at Bureau Veritas Commodities Ltd (Vancouver, Canada) for Ag, aluminum (Al), As, Au, boron (B), barium (Ba), bismuth (Bi), calcium (Ca), cadmium (Cd), cobalt (Co), chromium (Cr), Cu, iron (Fe), gallium (Ga), Hg, potassium (K), lanthanum (La), magnesium (Mg), manganese (Mn), molybdenum (Mo), sodium (Na), Ni, phosphorus (P), Pb, sulfur (S), Sb, selenium (Se), scandium (Sc), strontium (Sr), tellurium (Te), thorium (Th), titanium (Ti), thallium (Tl), uranium (U), vanadium (V), tungsten (W) and Zn concentrations with an extended package for Pb isotope analysis. The samples were analyzed using the Bureau's AQ250 package (i.e., modified aqua regia method) whereby 0.5 g of individual samples was digested in aqua regia (2:2:2 of HCl:HNO 3 :H 2 O) at 95°C for 1 h in a heating block, and the sample was made up to a final volume of 300 ml with 5% HCl. The aqua regia digestion is a "pseudo-total" concentration method for dissolution of elements bound to labile minerals, such as water soluble salts, clay particles, as well as those coated by secondary oxyhydroxide minerals (Chen & Lena, 2001 ). This method is adequate for determining the maximum element's concentration available to plants (Vercoutere, Fortunati, Muntau, Griepink, & Maier, 1995) .
Aliquots of digested solutions were subsequently analyzed by ulitratrace Inductively CoupledMass Spectrometry (ICP-MS). The accuracy of the analytical method was determined by measuring a series of certified standards (SD11, NIST-981-1Y and NIST-983-1Y) and procedural blanks in each analytical set. The results were within 95% confidence limits of the recommended values for a given standard. The relative standard deviation was between 5% and 10%.
Statistical analysis
The R-mode factor analysis was used to investigate the relationships between major and trace element concentrations in the samples. The principal component analysis technique and correlation matrix were applied in the factor analysis. The number of significant factors was selected on the basis of the Kaiser criterion, and only the factors with eigenvalues greater than or equal to 1 were taken into account (Kaiser, 1961) . The contribution of each variable to the principal component is considered only if the loading is greater than 0.5. Statistical analyses were carried out using IBM SPSS statistics package (version 20).
Ecological risk index
To assess the potential adverse effects of the PHE on soils, the potential ecological RI proposed by Håkanson (1980) , which takes into account the sensitivity of the soil biological community to PHE (Liu et al., 2015) was used. The ecological risk (RI) estimation, usually based on Hg, Cd, As, Ni, Pb, Cr and Zn (Canli & Atli, 2003) , was calculated as follows (Eqs. 1-3)
Where C i f is the pollution factor of an element i; C i (mg/kg) is the measured concentration of the element i in the soil; C i n (mg/kg) represents the pre-industrial reference concentration of the element in soils. In the present study, the average concentrations of As, Cd, Cr, Cu, Hg, Pb and Zn (mg/kg) in farmland soils (i.e., control site) were used as background values for estimating the ecological risks posed by the AGM activities on the adjacent soils. E i r is the potential risk of individual element i and T i r is the biological toxic-response factor for an element taken as As = 10, Cd = 30, Cr = 2, Cu = 30, Hg = 40, Pb = 5 and Zn = 1 (Håkanson, 1980; Hilton, Davison, & Ochsenbein, 1985; Wang et al., 2011) and RI is the sum of potential risk of the individual metals. Håkanson defined the following five categories for E i r : E r i < 40, low potential risk; 40 ≤ E r i < 80, moderate potential ecological risk; 80 ≤ E r i < 160, considerable potential ecological risk; 160 ≤ E r i < 320, high potential ecological risk and E r i ≥ 320, very high ecological risk. Likewise, four categories describe RI: RI < 150 corresponds to low ecological risk; 150 ≤ RI < 300, moderate ecological risk; 300 ≤ RI < 600, ecological risk and RI > 600, very high ecological risk.
Results and discussion
Physico-chemical properties of the soils
The mobility and fate of PHE in soils is governed by their mineralogy and physico-chemical parameters, such as pH, EC, particle size, TOC and CEC (Hertz, Angehrn-Bettinazzi, & Stöckli, 1990) . These factors are also climate-specific, and thus the mobility of PHE in temperate soils is significantly different from that encountered in tropical semi-arid soils. The physico-chemical parameters of the present soils reflect the semi-arid climatic conditions of the study area, as well as the pedogeochemical processes. Thus, the soil samples were predominately composed of sand, silt and, to a lesser degree, clay fraction (Table 1) . This sandy-silty texture can be attributed to intense and long-term weathering, which has resulted in leaching of Si from the silicate minerals and enrichment of primary quartz and secondary Fe and Al oxide minerals (Wilcke, Kretzschmar, Bundt, & Zech, 1999) . This was partially explained by low CaCO 3 contents (1.1-2.9%; Table 1 ) and predominately low pH (5.4-7.0). With slightly acidic conditions, PHE are unlikely to be retained through precipitation of carbonate minerals (Plassard, Winiarski, & Petit-Ramel, 2000) . However, the co-occurrence of inner and outer sphere sorption could be the dominant geochemical processes that control PHE retention in this semi-arid soil (Appel & Ma, 2002) .
The majority of the samples had CEC values in the range of that of kaolin (Halloysite: 3-57 cmolc/kg; Kabata-Pendias, 2011). The CEC also showed an increasing pattern with depth, which may be attributed to organic matter accumulation in deeper horizons (Hernandez et al., 2003) . A preliminary study carried out by Roxgold (2017) in this semi-arid area reported high soil organic matter content (up to 2.8%) and C/N ratios (12-15), suggesting a well-developed biological activity and high organic matter turnover. EC of the samples ranged from 370 to 854 µS/cm. Farmland soils had the lowest EC (average ± SD = 310 ± 17 µS/cm; CV = 5.5%) followed by sample BO (370 µS/ Table 1 . Physico-chemical properties of Bagassi ore (BO), waste rock (WR), tailings (TL),soil samples from a nearby farmland and topsoils (S2-S8 and S10-S11) and soil profiles (S1-1 to S1-5 and S9-1 to S9-5) cm), whereas TL and WR had the highest (824 and 704 µS/cm, respectively). EC of the soils collected around the AGM site ranged from 540 to 894 µS/cm (average ± std = 754 ± 85 µS/cm; CV = 11%), indicating the presence of high amounts of labile ions in mine waste and AGM-affected soils (Fuller, Feamebough, Mitchel, & Trueman, 1995) . In light of the above physico-chemical properties, it can be concluded that kaolin, the dominant clay type in the local soils, will have less control over the PHE retention in the soils, whereas Fe and Al oxides and CEC are likely to play a central role in certain trace element immobilization.
Major and trace element distribution
Major and trace element concentrations of the soils varied between sites. All samples showed very low base cation content (Ca + Mg + Na + K: 0.35-4.37%), with the highest content observed in the less weathered sample BO and the lowest content in the farmland (Table 2 and Figure 3 ). The relatively low base cations in the farmland could be attributed to the absence of vegetation cover on cultivated soils compared to non-cultivated ones around the AGM site. A similar observation was observed in forested soils (tree plantation) and crop land in the Brazilian Amazon (Farella, Lucotte, Davidson, & Daigle, 2006) . However, the high base cation content in BO compared to other samples clearly reflects the mineralogical compositions of the samples and the weak chemical weathering. Based on the CEC values, the soils have been identified as halloysite, which has the lowest CEC after kaolinite (Kabata-Pendias, 2011) . That is, the soils had experienced an intensive chemical weathering leading to removal of the base cations (Sposito, 1989) . Consequently, these soils have very low capacity to retain cations including PHE (Jordan, 1984) . No depth-trends in base cation abundance were observed (Table 3) . Both farmland and soil samples collected around the AGM site had similar phosphorus content (average ± standard deviation = 0.022 ± 0.009%; CV = 42%), whereas phosphorus content was slightly higher in samples BO, WR and TL. Furthermore, sulfur concentrations were below detection limit of the instrument (IDL) (except in samples BO, WR and TL), suggesting the influence of the BO on these samples. Compared to Al concentrations (average ± SD = 1.55 ± 0.63%; CV = 41%), those of Fe (average ± SD = 4.84 ± 3.1%; CV = 64%) and Ti (average ± SD 0.019 ± 0.01%; CV = 54%) varied widely across sites. This indicates that Al was the least affected by pedogeochemical processes and AGM activities among the socalled "conservative elements".
A series of trace elements, associated with gold deposits and anthropogenic pollution, had high concentrations in TL, WR and the AGM-affected soil samples relative to the farmland soils. Thus, Ag, As, Au, Bi, Cu, Cd, Hg, Sb, Te, Pb, Mo, W and Zn concentrations increased in the following order: TL> WR> topsoil> FL (Table 2) . Likewise, the average concentrations of chalcophile elements, such as Ag (229 and 272 µg/kg), As (9.2 and 91 mg/kg), Au (758.9 and 342.4 µg/kg), Bi (0.38 and 1.96 mg/kg), Hg (899 and 8737 µg/kg), Pb (12.54 and 17.36 mg/kg), Mo (1.83 and 2.73 mg/kg), Sb (0.22 and 0.24 mg/kg), W (15.27 and > 100 mg/kg) and Zn (165.8 and 74.6 mg/kg) were higher in TL and WR compared to the average global soil concentrations (Kabata-Pendias, 2011). By contrast, elements, such as Co, Cr, Ni, La, Sc, Sr, Ba, Th, U, V, Ga and Tl concentrations were within the average global soil concentrations, and their distributions were fairly homogeneous across the sampling sites, suggesting that they were not significantly affected by mining activities. Au, Hg, Pb and Zn showed a decreasing pattern with depth, indicating their addition to the soil system through anthropogenic activities (Table 3 and Figure 4 ). Since both farmland and non-cultivated soils around the AGM site are derived from the same parent materials and exposed to similar pedogeochemical processes, it can be concluded that the presence of certain elements were enhanced by mining and mine waste dispersion through runoff and wind deposition compared to others.
Apportionment of sources of potentially harmful elements
The total concentrations of PHE in soils do not necessarily indicate anthropogenic influence, as weathering can lead to high accumulation of PHE in soils. Consequently, the R-mode factor analysis has been commonly used in environmental geochemistry to identify geogenic versus anthropogenic sources of PHE contamination (e.g., to 50% of the detection limits in the R-mode factor analysis (Cicchella et al., 2014) . The distribution of 11 elements (Mg, Na, S, Au, Bi, Cd, Hg, Mo, Tl, U and W) was positively skewed, and thus they were log-transformed. Only the elements (30 elements) with high communalities close to unity were included in the analysis. After varimax rotation, three factors (F1, F2 and F3) that describe about 80% of the total variability were extracted ( Figure 5 ).
The first factor (F1: 32.94 % variance) showed high loadings on Na and Au and a series of PHE (As, Bi, Cd, Hg, Mo, Pb, Sb, Te, W and Zn). The association of these PHE with Au, As, Bi, Hg and Sb, which were particularly enriched in TL and WR relative to the farmland, is a clear indication of the AGM contribution to these element loadings to the soils through dispersion and transport ( Figure 5 ).
The anthropogenic origin of F1 was further investigated by normalizing certain elements of F1 to Sc. By definition, geochemical normalization consists of establishing correlations between PHE concentrations and the concentration of a reference element i.e., a geochemical normalizer (Donkor et al., 2005; Garcia, Barreto, Passos, & Alves, 2009) . In order for an element to be a good geochemical normalizer, its abundance in the sample must be of lithogenic origin, be structurally linked to at least one of the PHE carriers in the soils and its concentration must not be significantly influenced by anthropogenic inputs (Alves, Passos, & Garcia, 2007; Loring, 1990) . The most common geochemical normalizers are Al, Fe, Sc and Ti. In the present study, Al and Sc were the most homogeneously distributed in the samples with the lowest coefficients of variance (CV = 41% and 46%, respectively). Furthermore, most elements of lithogenic origin (e.g., Al, Sc, Fe, Cu, Ni and Co) exhibited significant (Sc, Al, Co and Ni) and moderate (Fe and Cu) linear relationships with CEC, a potential carrier of trace elements in the soils (Figure 6 ). Because Al is expressed in percent and Sc including PHE in mg/kg, Sc was used as a geochemical normalizer to assess the selected PHE enrichment in the soils and mine waste. Eight PHE (Hg, As, Ag, Mo, Cd, Pb, Sb and Zn) plus Au that showed high loadings on F1 showed weak correlations with Sc, and the soil samples most affected by AGM activities plotted outside the 95% confident interval (Figure not shown) . The second factor (F2: 26.95% of the variance) revealed elevated loadings on four major elements (Al, Fe, Mn and Ti) and Co, Cr, Cu, Ga, Ni, Sc, Sr, Tl and V ( Figure 5 ). Representative elements of F2 (i.e., Co, Cu, Ni, Cr, Mn and V) co-varied with Sc (Figure 7) , suggesting that the concentrations of these elements were below or close to those of the pedogeochemical background. Consequently, it can be implied that F2 represents the contribution of soil pedogeochemical processes to these element distribution.
Factor 3 (F3: 19.80% of the variance) had high loadings on Ca, Mg, P, S and La. Although rock weathering and atmospheric deposition are the major sources of Ca, Mg and P and S, respectively, these major elements are also essential to biochemical structure and metabolism functioning of organisms (Garten, 1976; Reiners, 1986) . Hence, F3 could represent the biogeochemical cycling of essential elements and La in the soil system through organic matter decomposition. This is consistent with high organic matter and C/N ratios observed in the soils around the site (Roxgold, 2017) . In addition to AGM activities and pedogeochemical processes, other anthropogenic sources such petrol and atmospheric deposition may contribute to PHE (particularly Pb) loadings to the soils. In the present study, Pb isotope ratios ( Pb) were used to evaluate the potential sources of Pb in the soil samples (Table 4 ). 
Ecological risk assessment
The potential impact of the PHE on the ecological functions of the soils was evaluated through ecological risk assessment, proposed by Håkanson (1980) . The potential ecological risk indices for single elements (E r i ) showed that the severity of AGM-derived pollution of eight PHE decreased in the following order: Hg> As> Cd> Cu = Pb> Ni> Cr> Zn (Table 5) . As expected, mercury in WR and TL samples posed very high ecological risk (E r i = 1,199 and 11,649, respectively). Thus, 10 topsoil samples had considerable potential ecological risk indices for Hg, whereas seven samples (WR, TL, S1-1, S1-2, S1-3, S1-4 and S1-4) exhibited considerable potential ecological risk indices for As. Although Pb and Zn showed low potential ecological risk indices at all sites, the E r i values were the highest for WR and TL. Based on the overall ecological risk indices, only the BO had a low RI value, whereas WR and TL posed the highest ecological risk. Three sites (S1-5, S1-4 and S5) posed considerable ecological risk and the rest of the sites posed moderate ecological risk relative to the control site. According to Pb isotope ratios, all sites are vulnerable to atmospheric transport of Pb with low ecological risk, whereas the soil around the AGM site is moderately to considerably threatened by mine waste.
Conclusions
Trace element distribution, R-mode factor analysis results, geochemical normalization and lead isotope compositions successfully identified anthropogenic and geogenic contributions of PHE loadings to the soils. Each technique contributed important information that was capital in investigating PHE sources in the soils. The raw data showed that elements, such as Au, Hg, As, Bi, Cu, Cd, Sb, Mo and Zn that are generally associated with gold deposits had concentrations exceeding the average world's soil concentrations. The abundance of Au, As, Bi, Cu, Sb, Mo and Zn could be attributed to the gold mining, whereas Hg is added to the soils through gold extraction. By contrast, lithophile elements, such as Co, Cr, Ni, La, Sc, Ba, Th, U, V and Tl had concentrations closer to or lower than those of the average world's soil. These results were corroborated by the R-mode factor analysis, which identified the anthropogenic activities as the main source of PHE abundance in the soils. The technique also suggested that biogeochemical cycling is partially responsible for certain major element distribution in the soils. The use of geochemical normalization indicated anthropogenic origin of Au and some PHE in the soils.
According to Pb isotope ratios, the control site appear to be impacted by atmospheric inputs of leaded gasoline, whereas topsoil samples collected around the AGM site reflect both atmospheric inputs and mine waste signature. The potential ecological risk indices identified Hg, As and Cd as the elements likely to pose serious adverse ecological effects on the soils. Although AGM is recent in the area, the study demonstrated that the soils are moderately contaminated with PHE. To protect soils and ecosystems as a whole, a sound pollution control program is urgently required for the 800 AGM sites across Burkina Faso. Pb showing the Pb isotopic composition of farmland (control soil), tailing, waste rock, topsoil (collected at the close vicinity of the mining site), the host rock of the Bagassi ore and European leaded gasoline (Monna, Lancelot, Croudace, Cundy, & Lewis, 1997 The influence of organic (soil organic matter) and inorganic ligands on trace element speciation, precipitation and adsorption could be investigated in a future study to ascertain the mobility and bioavailability of AGM-derive PHE in tropical semi-arid soils.
